Two hydrophilic, low temperature-embedding resins, Lowia y 1 K4hf and LR White, were compared in lectin cytochemistry. Post-embedding staining of colloidal gold-labeled G a onia symplicZolia agglutinin II (GSA-11) resulted in staining of the Golgi apparatus and mucous granules of mucous neck cells in the gastric fundic gland, pylorocytes, and Brunner's gland cells embedded in either resin, although it was much easier to make ultra-thin sections with LR White-embedded mate-rial than with the other. Post-furation with uranyl acetate followed by LR White embedding improved general ultrastructure so that lectin binding sites were idenhifed precisely. All examined lectins, soybean agglutinin (SBA), Madura pomifera agglutinin (MFA), GSA-11, and ulex empaeus agglutinin I (UEA-I), stained mucous granules and the Golgi 34. Van Halbeek H, Gerwig GJ, Vliegenthart JFG, Smits HL, Van Kerkhof PJM, h e r ME Terminal u(l+4)-linked N-acetylglucosamine: a characteristic constituent of duodenal-gland mucous glycoproteins in rat and pig. Biochim Biophys Acta 1983;747:107
Introduction
Hydrophilic resins have been widely used in immunocytochemistry and lectin cytochemistry. Among these resins, Lowicryl K4M has been most commonly used in electron microscopic cytochemistry (1) (2) (3) . Since this resin permits low-temperature embedding and postembedding cytochemical staining, one can expect satisfactory results for both preservation of biological macromolecular structures of cells and accessibility of the cytochemical reagents to the macromolecules. Although the procedure for tissue processing is simple and widely applicable, we have sometimes experienced difficulties in making ultra-thin sections of Lowicryl K4M-embedded material.
In this study, we examined another hydrophilic resin, LR White (4) . This resin has been demonstrated to be suitable for intestinal tissue for subsequent post-embedding lectin cytochemistry (5-7).
We combined LR White with Initiator C, which was developed for Lowicryl K4M to make low-temperature embedding possible, and thus LR White is applicable to a similar embedding procedure as for Lowicryl K4M (Dr. Ekaichi, personal communication). We first 
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compared these two resins on lectin cytochemistry in mucous neck cells of the gastric fundic gland, pylorocytes, and Brunner's gland cells. These cells synthesize a large amount of 0-linked glycoproteins (8) (9) (10) (11) and are known to exhibit similar staining patterns among mucus-secreting cells in the gastrointestinal tract (12). In electron microscopic cytochemistry, general ultrastructure was sometimes sacrificed to obtain specific and dense labelings. Osmification may also be omitted for efficient polymerization by ultraviolet irradiation as well as for the preservation of reactivity of macromolecules with cytochemical reagents. This causes extraction of membrane phospholipids during dehydration, which results in poor membrane contrast and cell morphology. Recently, Berryman and Rodewald (13) have introduced an improved method for post-embedding immunocytochemistry, using uranyl acetate postfixation in place of osmification, and have achieved better ultrastructural preservation. Similar applications of uranyl acetate have also been made by BEnichou et al. (14) and Roth et al. (15) to improve membrane contrast. Therefore, we tried the combination of post-fmtion with uranyl acetate and embedding in LR White, which resulted in both good preservation of general ultrastructure and specific binding of gold-and ferritin-labeled lectins. Since membrane structures of the Golgi apparatus were well preserved, we further characterized the precise localization of sugar residues and have analyzed glycosylation in the Golgi apparatus of Brunner's gland cells.
Materials and Methods
Chemicals. The Lowicryl K4M kit was obtained from Chemische Werke Lowi (Waldkraiburg, FRG) and LR White resin was purchased from London Resin Company (Hampshire, UK). Colloidal gold (15- Animals and Preparation of Tissues. Adult ICR mice (2-3 months old) of both sexes were used in this study. The animals were fed ad libitum. Under sodium pentobarbital anesthesia they were perfused with 2.5% glutaraldehyde (0.05 M cacodylate buffer, pH 7.4) via the left ventricle of the heart, and the stomach and duodenum were removed. The body region of the stomach, the pyloric antrum, and the proximal part of the duodenum were dissected into small pieces and were fixed by immersion in the same fixative overnight at 4'C.
Procedure I (Comparison of Lowicryl K4M and LR White). The fixed tissue blocks were processed at progressively lower temperature. They were dehydrated in 30% ethanol at 4°C for 1 hr. 50% ethanol at 4'C for 1.5 hr, 70% and 90% ethanol at -20°C for 1.5 hr, and 100% ethanol at -20°C for 1.5 hr and overnight. After dehydration, they were infiltrated with either Lowicryl K4M or LR White. Lowicryl K4M resin was prepared according to the instructions appended to the kit. LR White premixed resin (20 g) was mixed with 0.1 g Initiator C. The tissues were infiltrated in 1 part 100% ethanolll part of either resin, 1 part 100% ethanoU2 parts resin, and pure resin at -2O'C for 2 hr each step, successively, and overnight in pure resin at -25'C. The samples were then polymerized by w irradiation (wavelength peak at 360 nm) for 27 hr at -25°C. Polymerized blocks were stored at 4'C. Ultra-thin sections were cut with glass knives, mounted on 150mesh copper grids coated with formvar, and processed for lectin cytochemistry.
For lectin cytochemistry, all incubations were performed at room temperature, The sections were treated with PBS, pH 7.4, for 5 min and then with 1% bovine serum albumin (BSA) in PBS for 5 min. followed by a brief wash with PBS. The sections were subsequently incubated with colloidal gold-labeled GSA-I1 (17 pglml, commercial solution diluted at 1:3 with PBS) for 30 min and washed with PBS. After a thorough wash with distilled water, the sections were doubly stained with saturated uranyl acetate for 30 min and lead citrate for 10 min. To increase morphological contrast, the sections were then exposed to osmium vapor for 1 hr and examined with a Hitachi H-300 electron microscope.
Proocedure II (Post-fixation with Uranyl Acetate and Low-temperature Embedding with LR White). The fixed blocks of Brunner's gland were washed with 0.1 M maleate buffer (pH 6.8) three times for 10 min and post-fixed with 2% uranyl acetate in 0.05 M maleate buffer (final pH 6.5) for 1 hr at 4°C before dehydration. They were then processed as for Procedure I and were embedded in LR White. After being mounted on the grids, the sections were stained with SBA-gold (13 pglml, commercial solution diluted at 1:3 with PBS), MPA-gold (20 pglml. diluted at 1:4), GSA-11-gold (17 pglml, diluted at 1:3), or UEA-I-ferritin (500 pglml, diluted at 1:2), followed by lead citrate for 10 min, and were exposed to osmium vapor for 1 hr.
Control Experiments. Control experiments were performed by 15-min incubation of the lectins with 0.2 M haptenic sugars (GalNAc for SBA, GalNAc and Gal for MPA, GlcNAc for GSA-11, and Fuc for UEA-I) before application to the sections.
Results

Comparison of Lowicryl K4M-and LR Wbite-embedded Materials After Procedure I
Two hydrophilic resins, Lowicryl K4M and LR White, were compared for cytochemical staining using GSA-11-gold conjugate in the gastric fundic gland, pyloric gland, and Brunner's gland. LR White was superior to Lowicryl K4M for cutting of ultra-thin sections.
By electron microscopic examination, similar results for ultrastructural preservation, specific labelings, and background staining were obtained by Lowicryl K4M and LR White. In the gastric fundic gland, mucous granules of mucous neck cells were intensely labeled, whereas zymogen granules of chief cells showed no labeling. Intermediate cells which have a gradational morphology between the mucous neck cell and the chief cell contained moderately labeled granules (Figure 1 ). Pylorocytes and Brunner's gland cells also contained mucous granules that were intensely labeled with GSA-11. The Golgi apparatus of these cell types were also gold labeled. However, individual Golgi cisternae could not be identified because of the poor preservation of the membranes.
Improvement of General Ultrastructure and Lectin Cytochemistry After Procedure 11
Post-fixation with uranyl acetate resulted in better preservation of ultrasuucture, especially of membranous structures such as the Golgi cisternae, as compared with the specimens prepared without postfixation (Figures 2 and 3 ). Since the Golgi apparatus of Brunner's gland cells is the most developed among the three types of mucous cells examined, we chose Brunner's gland cells for the detailed analysis of lectin binding sites. Mucous granules of the cells were intensely labeled by gold-labeled SBA and GSA-I1 and by ferritin-labeled UEA-I. Labeling by MPA-gold varied from weak to moderate, depending on each individual cell. Elements of the Golgi apparatus exhibited a distinctive labeling pattern for each lectin, which was analyzed by serial sections (Figure 3) . SBA intensely labeled cis cisternae of the Golgi apparatus. The labeling disappeared from intermediate towards trans cisternae, and they appeared again in the tranrmost cisterna and mucous granules (Figures 2a and 3b) . MPA intensely labeled cis and early intermediate cisternae. The labeling almost disappeared in most intermediate cisternae, and a few gold particles appeared again in the trans-most cisterna in the majority of cells that contained mucous granules labeled by a few MPA-gold particles (Figure 2b) . In some cells, trans cisternae of the Golgi apparatus and mucous granules were moderately labeled by MPA-gold (Figure 3c ). MPA label observed in tram cisternae seemed to correspond to the labeling intensity of mucous granules. Although SBA and MPA showed similar labeling patterns in cis cisternae of the Golgi apparatus, MPA seemed to show more widespread labeling towards intermediate cisternae than and 3c). Intense labeling with GSA-I1 was observed in intermediate and trans cisternae and in mucous granules, but not in cis cisternae of the Golgi apparatus (Figure 3a) . The results of the cytochemistry applied to consecutive sections showed that GSA-I1 labeling appeared from almost the same cisterna where SBA labels disappeared (Figures 3a and 3b) . Ferritin particles conjugated with UEA-I labeled tram cisternae and mucous granules but neither cis nor intermediate cistemae of the Golgi apparatus (Figure 3d ). Gold or ferritin particles conjugated with each lectin were located along the membrane of the Golgi cisternae and in the interior of immature and mature mucous granules. No labeling was observed in the rough endoplasmic reticulum with any lectin.
Control Experiments
Background staining was virtually absent in the control experiments for SBA, GSA-I1 and UEA-I (as an example, see Figure IC ). However, MPA showed rather high nonspecific labeling compared with the others, considerable on the nucleus, and slightly on cis cisternae of the Golgi apparatus, although the latter was apparently less than that observed in normal staining.
Discussion
The present study was undertaken to compare two hydrophilic resins, Lowicryl K4M and LR White. Lowicryl K4M has been widely used as a low temperature-embedding resin, whereas the original mixture of LR White requires thermal polymerization at about 50°C (4, 16) . However, low-temperature embedding is also possible with LR White by applying Initiator C which was originally developed as an initiator for Lowicryl K4M (Dr. Takaichi, personal communication). With this method, the samples can be processed in the same procedure as is usually done with Lowicryl K4M. Ultravioletpolymerized LR White resin was found to be much easier for making ultra-thin sections than Lowicryl K4M. Therefore, we conclude that LR White can be used as a successful substitute for Lowicryl K4M. Both Lowicryl K4M and LR White embedding methods achieved good preservation of lectin binding ability with reliable specificity in post-embedding lectin Cytochemistry using both goldand ferritin-labeled lectins.
The use of hydrophilic resins often sacrifices details of the ultrastructure mainly because of the omission of osmification, which results in poor preservation of membrane phospholipids (13) . Postfixation with uranyl acetate improves preservation of membrane structures, especially of the Golgi apparatus, and does not affect the lectin binding ability in post-embedding lectin cytochemistry, as shown in the present study. Therefore, we could demonstrate the precise localization of lectin binding sites in the Golgi apparatus of Brunner's gland cells.
Biochemical studies have demonstrated that most of the mucous glycoproteins of gastrointestinal tract in higher animals are 0-glycosidically linked (8-1 1). In these glycoproteins, GalNAc is known to be linked to the hydroxyl group of seryl or threonyl residues of a protein core (8) (9) (10) (11) (17) (18) (19) . The sugar chain usually consists of six to eight sugar residues which are composed of Gal, GlcNAc, GalNAc, Fuc, and sialic acid (8, 10, 11, 17-22 Unlike N-linked glycosylation, in which en bloc transfer of oligosaccharide to a protein takes place, 0-linked glycosylation proceeds as the transfer of sugars one by one to a protein (20-22). The lecuns used in the present study, SBA, MPA, GSA-11, and UEA-I, have been known to bind speclfcdy to terminal sugar residues, a-WAC, a-GaNAc and a-Gal, a,P-GlcNAC and a-Fuc, respectively (23) (24) (25) (26) . These lectins exhibited different binding patterns among the Golgi cisternae. Therefore, from the labeling patterns of these lectins, we can speculate that the sugars are added stepwise by a series of glycosyltransferases, which may be distinctively localized among the Golgi cisternae.
Labeling with SBA first appeared in cis-Golgi cisternae, implying the transfer of the linkage a-GaWac of 0-linked oligosaccharides. This observation further indicates that the subcellular domain where the initial 0-glycosylation takes place is the cis-Golgi cisternae but not the rough endoplasmic reticulum, which agrees with previous biochemical and cytochemical observations (7, 8, 19, 27) . SBA binding disappeared in intermediate cistemae. MPA showed similar staining to SBA, which labeled two discrete regions of the Golgi apparatus. However, MPA labeling in cis cisternae spread more widely towards intermediate cisternae. Since MPA is known to bind a-GalNAc, a-Gal, and most preferentially Gal((31,3)GalNAc (24), the labeling will correspond to the linkage a-GalNAc and Gal(pl,3)GalNAc, which may explain the reason why MPA showed wider labeling than SBA. This also suggests that the core a -W A c is attached by (3-Gal. At the same time, GSA-I1 labeling indicating the presence of terminal GlcNAc residues appeared from almost the same cisterna where SBA labels disappeared, suggesting that the binding of SBA and MPA is prevented by the additional transfer of (3-GlcNAc to the linkage U-GalNAc and/or Gal-GalNAc. In fact, the linkage a-GalNAc residues are known, in most instances, to be attached by (3-Ga1 and/or p-GlcNAc, and then oligosaccharide backbones composed of the repetition of (3-Gal and (3-GlcNAc residues are elongated (10, 11, 21, 22, 28) . In the present study, the s u m , KATAOKA SBA label reappeared in trans-most cisternae and continued to mucous granules, and this result agrees with previous studies which showed that oligosaccharide backbones are often terminated with a-GalNAc (7, 10, 11, 19, 22, 29) . This implies that the terminal a-GalNAc residues are transferred to oligosaccharide backbones in the trans-most Golgi cisternae. In the same manner, MPA labeling that reappeared at trans-most cisternae and continued to mucous granules will correspond to the terminal a-GalNAc and/or a-Gal.
GSA-I1 binding sites corresponding to the presence of terminal GlcNAc residues occurred from intermediate cisternae of the Golgi apparatus up to mucous granules, and the labeling density did not undergo major changes. A possible explanation is that GSA-I1 labeling in intermediate towards trans cisternae imply the transferred P-GlcNAc in the course of the elongation and branching of oligosaccharide backbones. Considering that the repetition of b-GlcNAc and B-Gal is the most common elongation unit, the enzymes catalyzing the transfer of these two sugars may exist in the same cisternae (31) (32) (33) . The addition of B-Gal or 0-GlcNAc to the sugar chain will occur simultaneously in the same cisternae, and therefore the apparent GSA-I1 binding will not undergo major changes through these cisternae. The intense labeling in mucous granules implies the presence of many terminal a-GlcNAc residues in the mucin of Brunner's gland (34).
UEA-I label corresponding to a-Fuc residues first appeared in trans-Golgi cisternae in the present and previous studies (6, 7, 27) , suggesting the site of fucosylation. These labels continued to mucous granules, indicating that the mucin of Brunner's gland has a-GlcNAc, a-GalNAc, a-Fuc, and possibly a-Gal as terminal sugars. Our cytochemical observation agrees quite well with the previous biochemical result obtained by a high-resolution 'H-nuclear magnetic resonance study (34), which proposed the following structures as the most abundant oligosaccharides in the rat Brunner's gland: Since the rat and the mouse are very closely related species, the mouse Brunner's gland probably produces similar oligosaccharides to the rat's, and our result visualized the actual site of the oligosaccharide synthesis.
The present study has also shown that gold particles conjugated with SBA, MPA, and GSA-I1 were located along the membrane of the Golgi cisternae. A similar tendency, but not so obvious, was also noted with UEA-I. Although our data cannot distinguish definite localization of the oligosaccharide from the sugar substrate, it is demonstrated that glycosylation is the membrane-bound phenomenon (11) . Labels with any of the four lectins appeared in the interior of immature and mature mucous granules, which suggests that glycoproteins are released from the membrane into the interior of immature mucous granules after the termination of glycosylation.
The present study has shown the Golgi cisternae as the site of 0-linked glycosylation. Lectin cytochemistry with improved visualization of the ultrastructure demonstrated the existence of at least three compartments in the Golgi apparatus, in which different sorts of glycosyltransferases might be located for the sequential processes of the glycosylation. The first compartment is the site at which the linkage a-GalNAc will be attached to a protein. In the next compartment, BGal and/or B-GlcNAc will be bound to the core a-GalNAc and some other reactions related to elongation and branching of oligosaccharide backbones will take place. In the last compartment, terminal sugars such as a-GlcNAc, a-GalNAc, a-Fuc, and possibly a-Gal will be added. Finally, mature glycoproteins will be detached from the membrane and released into the inside of the immature mucous .granules.
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